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are symmetric in j and j
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3.19  3.70 4.40 6.47  7.60 13.2
Ca

7.74  10.4 14.1 19.0  25.8 50.6
Sr

13.3  17.1 22.3 35.0  46.8 109
to our short-range valence-bond calculation are obtained















(See for examle Ref. [1].).
Magnetic eld | A magnetic eld Bmodies the long-
range interaction of two metastable alkaline-earth atoms









) B has been added to
the other terms in the molecular Hamiltonian. Here, s

is the electron spin of atom , 
B
is the Bohr magneton,
and we have assumed that the atomic gyromagnetic ratio
of the electron orbital angular momentum and spin are
one and two, respectively. The magnetic eld lifts the





the space-xed magnetic eld direction. Forces due to the
interatomic interaction break this space-xed quantiza-
tion, and align the molecular angular momentum along
the internuclear axis. This results in loss of polarization
of the angular momentum.
The long-range adiabatic molecular potentials in the
















potentials U (R; 
B
) not only depend on the eld strength
but also on the angle 
B
between the internuclear axis
andB. Figure 1 shows all Sr
2
gerade adiabatic potentials




. The nine dissociation
limits are separated by about E=k
B
=10 mK and are




, where M = +4( 4) for the




Figure 1 shows a multitude of avoided crossings for in-
ternuclear separations where the Zeeman splitting is com-
parable to the quadrupole-quadrupole interactions, that












and B = 10 mT, R
B
is  100 a
0
. For R < R
B











Experiments trap the \low-eld seeking" spin-
polarized m

= +2 state [3, 4]. The top-most potential
in Fig. 1 dissociates to this limit. The radial and an-









shown in Fig. 2. Four long-range hills and valleys are vis-
ible for R > R
B
and a repulsive hard core that is nearly
independent of angle appears for R  R
B
.




) is further illuminated
when it is expanded in terms of Legendre polynomials










FIG. 2: Polar plot of the adiabatic potential for two spin
polarized Sr

atoms at B=10 mT. Equipotential curves are
shown as dashed, thick dashed, and solid contours for energies
that are lower than, equal to, and higher than the dissociation
energy of the two atoms, respectively. The contour values are



























is largest and is dominated by the QQ
interaction. In Fig. 2 it gives rise to the hills and val-
leys. For R  R
B
, contributions of other components








dominates. The inset of Fig. 3 shows that U
0
(R) has a
shallow attractive region for largeR, that becomes deeper
and wider for increasing B. This so-called \Zeeman-van
der Waals" well is a consequence of an interplay between
Zeeman and anisotropic quadrupole-quadrupole interac-
tions.
3For R  R
B
, an analytical expression for U
2;2













i with the quantization axis along B.







































The monopole coeÆcient C
(0)
6























respectively. Consequently, the long-range behavior
of U
0




FIG. 3: The coeÆcients U
L
(R) of Eq. 2 for Sr
2
as a function
of internuclear separation and B =10 mT. The inset shows
U
0
(R) for B = 5 mT and 10 mT.
Scattering lengths | A rigorous description of elas-
tic collisions between spin polarized metastable
3
P j =
2;m = 2 atoms should start from B = 0 theories[19]
and extend those to include the Zeeman interaction[7].
Such a model is beyond the scope of this paper. In-
stead, we take advantage of our understanding of the
adiabatic potentials in a magnetic eld. Nuclear mo-
tion couples the electronic potentials via so-called non-
adiabatic couplings. These couplings are strongest near
avoided crossings between adiabatic electronic potentials
and lead to inelastic losses. For example, a transition
from the M = 4 to M = 3 curves in Fig. 1 results in de-
polarization and conversion of internal energy to kinetic
energy.
First we will assume that adiabaticity holds. We relax
this assumption below. The zero-energy s-wave (l = 0)





atoms is then given by the scattering length of the U
0
(R)
FIG. 4: Scattering length of the U
0











Sr are shown. The arrows show the mag-





). This length for three alkaline-
earth species as a function of magnetic eld is shown
in Fig. 4. For B < 40 mT the scattering lengths are
large and positive and a Bose condensate would be sta-
ble against collapse. Uncertainties in QQ and DD coeÆ-
cients do not change the picture signicantly.
For B > 70 mT the scattering lengths exhibit singu-
larities, where a is innite. These resonances are due the
appearance of the rst bound state in U
0
(R). The inset of
Fig. 3 shows that for increasing B the well becomes wider
and deeper, supporting an increasingly larger number of
bound states and thus extra resonances.
Magnetic eld control of the sign and magnitude of
the scattering length near the resonances appears likely
for these systems. Magnetic eld-induced resonance be-
havior in scattering lengths has been observed for alkali-
metal atoms. There, however, the singularity is a conse-
quence of Feshbach resonances rather than through the
appearance of extra bound states in an adiabatic poten-
tial.
Inelastic processes | The scattering lengths have been
determined assuming that nonadiabatic couplings and
thus losses are negligible. We verify the applicability
of the adiabatic approximation by estimating loss rates
from a two-channel curve-crossing model. The model
has an attractive van-der-Waals potential in an incom-
ing channel, jii, of two spin polarized atoms and l = 0














































where  is the reduced mass of the dimer,  / B is the
dierence in dissociation energy of the two states, the




dened in Eq. 4. The two states cross at near R
B
.
The R-dependent eigenvalues of V
2ch
are our model
adiabatic potentials. In fact, the top-most adiabat plays
the role of the L = 0 component of the U
22
adiabat. It
has an attractive van der Waals tail and a repulsive wall
that is to be compared to the \Zeeman-van der Waals"
well of Fig. 3.
Loss can occur when the atoms reach short-range R on
the incoming channel or when the atoms are reected into
the repulsive exit channel. We numerically solved the
two coupled Schrodinger equations assuming a hard-wall
placed inside R
B
and parameter values valid for stron-
tium. This approach has no losses due to short-range
inelastic processes. Nevertheless, we feel that the model
gives an order of magnitude estimate of the loss rate.
The calculations show that for B from 1 mT to 5 mT









/s due to Wigner-threshold
eects in the exit channel. For large elds the rate de-
creases slowly and exponentially with B and for B  500





The loss rate and the scattering length show a reso-
nance similar to the resonances shown in Fig. 4 when an
extra bound state appears in the upper adiabat. For col-
lision energies below 1 K the loss rate approaches zero
in a narrow  1 mT region above the resonance location
where the scattering length is large and positive. For col-
lision energies above 100 K the resonance is broadened
and will be hard to observe. The position of the reso-
nance and the corresponding loss rate will change when
all coupled channels are included. However, the reso-
nance and a (partial) drop in the loss rate is expected to
survive.
Consequently, we have identied magnetic eld regions




/s, i.e. for B < 1 mT and for magnetic eld strengths
just above the resonance. For several Tesla elds the





/s the imaginary part of the scattering length
hK=(2)[20], is orders of magnitude smaller than the real
part of the scattering length shown in Fig. 4. The colli-
sion is adiabatic for these eld regions and the scattering
length is meaningful. Moreover, these rates lead to sam-





Conclusion | We have calculated the interaction po-
tentials of metastable alkaline-earth dimers in the pres-
ence of a magnetic eld. A purely long-range interaction
potential is found to determine the scattering length be-





magnetic-eld-induced resonance is observed, where the
interaction potential supports an extra bound state. Ref-
erence [10] predicts similar long-range states for polar
molecules in an electric eld. Existence of such molecu-
lar states should be a general property of colliding atoms
or molecules with an anisotropic interaction potential in
an external eld that split a degeneracy.
Although full-scale multi-channel calculations of mag-
netic trap losses and scattering lengths are desirable, a
two channel model indicates that the inelastic loss rate of
the collision between two spin polarized atoms are small
for small magnetic eld strengths and above the eld-
induced resonance, where the scattering length is posi-
tive. We uncovered several unique features of collisions
between metastable alkaline-earths, which may oer new
insights into the physics of ultracold quantum gasses.
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